"Observation of earlier two-to-three dimensional structural transition in gold cluster anions by isoelectronic substitution: Mau n -(n=8-11; M=Ag,Cu)" (2010 The effects of isoelectronic substitution on the electronic and structural properties of gold clusters are investigated in the critical size range of the two-dimensional ͑2D͒-three-dimensional ͑3D͒ structural transition ͑MAu n − , n =8-11; M =Ag,Cu͒ using photoelectron spectroscopy and density functional calculations. Photoelectron spectra of MAu n − are found to be similar to those of the bare gold clusters Au n+1 − , indicating that substitution of a Au atom by a Ag or Cu atom does not significantly alter the geometric and electronic structures of the clusters. The only exception occurs at n = 10, where very different spectra are observed for MAu 10 − from Au 11 − , suggesting a major structural change in the doped clusters. Our calculations confirm that MAu 8 − possesses the same structure as Au 9 − with Ag or Cu simply replacing one Au atom in its C 2v planar global minimum structure. Two close-lying substitution isomers are observed, one involves the replacement of a center Au atom and another one involves an edge site. For Au 10 − we identify three coexisting low-lying planar isomers along with the D 3h global minimum. The coexistence of so many low-lying isomers for the small-sized gold cluster Au 10 − is quite unprecedented. Similar planar structures and isomeric forms are observed for the doped MAu 9 − clusters. Although the global minimum of Au 11 − is planar, our calculations suggest that only simulated spectra of 3D structures agree with the observed spectra for MAu 10 − . For MAu 11 − , only a 3D isomer is observed, in contrast to Au 12 − which is the critical size for the 2D-3D structural transition with both the 2D and 3D isomers coexisting. The current work shows that structural perturbations due to even isoelectronic substitution of a single Au atom shift the 2D to 3D structural transition of gold clusters to a smaller size.
I. INTRODUCTION
There have been intense research interests on goldcontaining nanostructures, motivated primarily by the discovery of unique catalytic properties of supported gold nanoparticles. 1 An atomic-level understanding of the structures and electronic properties of free gold clusters is essential to unravel the catalytic mechanisms of gold nanoparticles. During the past decade, there have been numerous experimental [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and theoretical [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] studies on the structural properties of small-sized neutral and charged gold clusters. One of the most intriguing findings is the planar negatively charged gold clusters ͑Au n − ͒ for n up to 12, where the twodimensional ͑2D͒ to three-dimensional ͑3D͒ structural transition occurs. The surprising 2D structures of Au n − clusters were discovered by ion mobility experiments and density functional theory ͑DFT͒ calculations, 7 and were suggested to be a result of the strong relativistic effects of gold, 18, 22 which reduce the Au 5d-6s energy gap and enhance s-d hybridization. Subsequent photoelectron spectroscopy 9 ͑PES͒ and trapped ion electron diffraction 14, 30 studies confirmed the planar structures of the small gold cluster anions and the 2D-3D structural transition at Au 12 − . Very recently, we further confirmed the coexistence of 2D and 3D structures in Au 12 − and obtained isomer-specific PES spectra using Ar tagging. 31 On the other hand, clusters of the two lighter coinage metals, silver and copper, are known to have structures very different from gold clusters ͑except those smaller than the tetramer 32 ͒, and the onset of 3D structures for Ag n 0/+/− and Cu n 0/+/− appears at relatively small sizes compared to gold clusters. 33, 34 Although all the coinage atoms possess similar valence electronic characters, all with a single s-valence electron plus a completely filled d shell, their physical and chemical properties are different, such as atomic radii, ionization potentials, or electronegativities, mainly due to the much stronger relativistic effects in gold than silver and copper. 18 A question arises: What would happen if one or been experimentally studied using resonant two-photon ionization spectroscopy. 35 Joint ion mobility measurements and DFT calculations on gold-silver mixed cations ͑Ag m Au n + , m + n Ͻ 6͒ revealed significant charge transfers from silver to gold atoms, 36 in agreement with a previous DFT study. 32 The stability of Au n X m + clusters ͑n =1-65, m =1,2; X =Cu,Al,Y,In͒ were studied by photofragmentation and mass spectrometry, where the Cu-doped clusters for n Յ 38 were observed to have similar shell closures as the corresponding pure gold clusters. 37 Photoelectron spectra of Au-Ag binary cluster anions up to the tetramer 38 and of Au n Cu − ͑n =2-7͒ clusters 39 42 Theoretically, the dimers and trimers of mixed coinage metals have been calculated using the 19-electron effective core potential, 43 as well as at the level of coupled-cluster with single and double and perturbative triple excitations ͓CCSD͑T͔͒. 44 Structures of single Cu atom doped gold clusters Au n Cu − in the size range of n =14-20 have been calculated. 45 DFT investigations of geometric and electronic structures of small Au-Ag binary clusters with varying component Au m Ag n ͑usually m + n Յ 10͒ have been reported by several groups. 32, 46, 47 Larger Ag-Au and Cu-Au bimetallic systems have also been studied computationally. [48] [49] [50] In the current study, we report a combined PES and DFT investigation on a series of small gold cluster anions doped with a single Ag or Cu atom in the critical size range where the 2D-3D structural transition occurs, namely, AgAu n − and CuAu n − ͑n =8-11͒. We chose this size range to specifically probe how the isoelectronic substitutions would affect the stability of the planar gold clusters and the 2D-3D transition. We found that the 2D-3D transition occurs at a smaller size in both cases by one atom in MAu 10 − .
II. EXPERIMENTAL METHODS
The experiment was performed on a magnetic-bottle PES apparatus equipped with a laser vaporization supersonic cluster beam source, details of which have been published elsewhere. 51 The AgAu n − and CuAu n − clusters were produced by laser vaporization of an Au/Ag or Au/Cu mixed disk target containing about 7% Ag or Cu, respectively. Negatively charged clusters were extracted from the cluster beam perpendicularly and were analyzed using a time-of-flight mass spectrometer. Clusters of interest were mass-selected and decelerated before being intercepted by a 193 nm laser beam from an ArF excimer laser for photodetachment. The content of the dopant ͑Ag or Cu͒ in the target was carefully tuned to low concentrations such that multiple dopings were minimized and the MAu n − series with a single dopant atom was optimized in order to achieve clean mass selections. Photoelectrons were collected and measured using a magneticbottle time-of-flight electron energy analyzer, and calibrated by the known spectra of Au − . The resolution of the apparatus was ⌬E / E ϳ 2.5%, i.e., about 25 meV for 1 eV electrons.
III. THEORETICAL METHODS
The search for the global-minimum structures of MAu n − ͑n =8-11; M =Ag,Cu͒ and Au 10 − were performed using the basin-hopping ͑BH͒ global optimization technique coupled with DFT calculations. 52, 53 Generalized gradient approximation in the Perdew-Burke-Ernzerhof ͑PBE͒ functional form was chosen. 54 Two BH programs, developed independently by the UNL group 55 and Huang et al., 42 were employed and both gave consistent sets of low-lying isomers. Several BH searches were carried out using various randomly selected initial structures. Because of the limited accuracies in energetics in the DFT calculations, we simulated the photoelectron spectra for all low-lying isomers within 0.2 eV of the most stable isomer in order to compare with the experimental data.
We recently found that the inclusion of spin-orbit ͑SO͒ effects 56 is essential to achieve quantitative agreement between simulated and measured photoelectron spectra for Au clusters. 42, 57 In the current work, we used the PBE0 hybrid functional and CRENBL basis set ͑i.e. the large effectivecore-potential orbital basis for use with the small core potentials͒ including SO effects, as implemented in NWCHEM 5.1.1, 58, 59 to calculate the photoelectron spectra of the lowlying isomers. First, the relative energies and rankings of all the selected low-lying isomers of each MAu n − and Au n+1 − from the BH searches were reoptimized using the PBE0/ CRENBL level of theory. Next, the first vertical detachment energies ͑VDEs͒ of the anion clusters were calculated at the PBE0/CRENBL͑SO͒ level, as the energy difference between the optimized anion isomer and the neutral at the corresponding anion geometry. The binding energies of deeper orbitals were then added to the first VDE to approximate the higher binding energy detachment features. Each peak was then fitted with a Gaussian of width 0.04 eV to yield the simulated spectrum to be compared to the experimental photoelectron spectrum.
IV. EXPERIMENTAL RESULTS
The photoelectron spectra of MAu n − from n = 8 to 11 and M = Ag and Cu are presented in Figs. 1-4 , respectively, along with those of the corresponding pure Au n+1 − gold clusters 9 for comparison. The low-lying isomers that yielded simulated spectra in best agreement with the experiment are also shown, as will be discussed in Sec. V. The first VDEs for the major isomers of the doped clusters are given in Table I and are compared to those of pure gold clusters and the calculated VDE values.
The PES spectrum of Au 9 − ͓Fig. 1͑a͔͒ displays two intense and sharp peaks ͑X and A͒ around 4 eV, followed by a large energy gap and more congested higher binding energy bands. 9 The spectra of AgAu 8 − and CuAu 8 − resemble that of Au 9 − , both featuring two sharp and intense bands at lower binding energies and the characteristic energy gap. This observation suggests that in MAu 8 − the Ag or Cu atom simply substitutes one Au atom in Au 9 − without significantly altering the atomic and electronic structure of the parent gold cluster. However, an additional weak feature ͑labeled XЈ͒ is clearly observed in the spectra of both AgAu 8 − ͓Fig. 1͑b͔͒ and CuAu 8 − ͓Fig. 1͑c͔͒, indicating the presence of multiple isomers with different structures in the doped clusters. This is not surprising, considering the fact that there may be energetically close multiple substitution sites available in the structure of Au 9 − , which can give rise to similar structures with slightly different electronic properties. ͑2͒ MAu 9 − . Au 10 − has been the focus of a recent study, 60 revealing contributions from at least four structural isomers by Ar tagging and O 2 titration. The major features of the spectrum ͓X and the higher binding energy part in Fig. 2͑a͔͒ show very high binding energies and are known to come from the equal lateral triangular D 3h ground state of Au 10 − , whose corresponding neutral species Au 10 possesses a triplet ground state and thus lacks an HOMO-LUMO gap ͑i.e., the gap between the highest occupied molecular orbital and lowest unoccupied molecular orbital͒. The major isomer of Au 10 − was shown to be unreactive toward O 2 . 60 The weak features at the low binding energy part ͑XЈ , XЉ , and Xٞ͒ were shown to come from three different structural isomers. The carriers of XЈ and XЉ have been identified tentatively, 60 whereas that for Xٞ is still unknown. At first glance, the spectra of AgAu 9 − and CuAu 9 − seem to be different from that of Au 10 − , because the first peak with appreciable intensity ͑XЉ͒ in the doped systems appears at much lower binding energies and gives the appearance of a HOMO-LUMO gap relative to the X band in AgAu 9 − and CuAu 9 − . In addition, the spectra of AgAu 9 − and CuAu 9 − show much more congested spectral features beyond 4 eV in comparison to that of Au 10 − . However, a careful examination suggests that the low binding energy peaks in the spectra of AgAu 9 − ͑XЈ and XЉ͒ and CuAu 9 − ͑XЈ, XЉ, and Xٞ͒ may derive from isomers similar to those populated for Au 10 − , except that their relative intensities may have enhanced in the doped systems. Indeed, the X band in all three spectra ͑Fig. 2͒ appears to be identical with similar peak positions and shape. This observation suggests that the dominant isomer in the doped systems is derived from the global minimum D 3h Au 10 − . The relative population of the doped clusters derived from the low-lying isomers of Au 10 − may be enhanced, giving rise to the more complicated spectral patterns observed for AgAu 9 − and CuAu 9 − in the high binding energy range. ͑3͒ MAu 10 − . The spectrum of Au 11 − ͓Fig. 3͑a͔͒ displays six characteristic detachment bands in the binding energy range between 3.5 and 5.5 eV, with the three low binding energy bands ͑X, A, and B͒ being well separated and the three higher binding energy bands between 5.0 and 5.5 eV being more closely spaced. Two weak features ͑XЈ and AЈ͒ that were not identified in our previous PES study 9 are also discernable as tails on bands X and A, respectively, suggesting population of minor isomers. The spectra of AgAu 10 − ͓Fig. 3͑b͔͒ and CuAu 10 − ͓Fig. 3͑c͔͒ are similar to each other, both displaying four well resolved peaks between 3.5 and 4.5 eV followed by an energy gap and more congested signals at higher binding energies. We note that bands A and B in the spectra of AgAu 10 − and CuAu 10 − are apparently broader and seem to contain fine structures, which are due to either overlaps of multiple detachment transitions or contributions from different isomers. The spectral patterns of the doped clusters MAu 10 − are completely different from that of Au 11 − , suggesting that the Ag/Cu substitution may have significantly altered the planar structures of the parent gold cluster. The similar spectral patterns of AgAu 10 − and CuAu 10 − suggest that the two doped clusters should have similar structures, though they are most likely different from that of Au 11 − . ͑4͒ MAu 11 − . Au 12 − is the critical cluster size for the 2D-3D structural transition of anion gold clusters, where isomers of both dimensionalities have been shown to be present in the cluster beam. 7, 9, 31 Using Ar tagging, we have recently obtained isomer-specific PES spectra for Au 12 − . 31 The main isomer, that gives rise to band X in the spectrum of Au 12 − ͓Fig. 4͑a͔͒, corresponds to the 3D structure, whereas the weak band XЈ comes from the 2D isomer, which should be slightly higher in energy than the global minimum 3D structure. 30, 31 The spectra of AgAu 11 − ͓Fig. 4͑b͔͒ and CuAu 11 − ͓Fig. 4͑c͔͒ are nearly identical to that of the 3D isomer of Au 12 − in terms of both spectral patterns and electron binding energies. Interestingly, the weak features associated with the 2D isomer in Au 12 − do not exist in the spectra of MAu 11 − . These observations indicate unequivocally that the 3D structures for MAu 11 − derived from the 3D isomer of Au 12 − become much more stable than those derived from the planar isomer of Au 12 − . Thus, the spectra of AgAu 11 − and CuAu 11 − are isomerically pure without contributions from the 2D isomers. The similarity between the spectra of MAu 11 − and that of the 3D isomer of Au 12 − suggests that the substitution by one Ag/Cu atom does not change appreciably the 3D structure of the parent gold cluster.
V. THEORETICAL RESULTS AND DISCUSSIONS
In this section, we present the theoretical results of MAu n − and compare the simulated PES spectra with the experimental data in order to understand how the isoelectronic substitution by a Ag or Cu atom affects the structures of the Au n+1 − clusters. Since simulated PES spectra with the inclusion of SO effects have not been reported for gold clusters in the size range of Au 9
− -Au 12 − , they are presented here as references. We have found that the inclusion of SO effects can yield simulated PES spectra in much better agreement with the experimental PES data, 42, 57 making it possible to identify structures with much higher confidence on the basis of the simulated PES spectra. This is important because of the limited accuracy in the DFT-based energetic information among closely lying structural isomers.
͑1͒ Au 9
− and MAu 8 − . Au 9 − has been previously shown to possess a C 2v planar structure, 7, 9 as depicted in the inset of Fig. 1͑d͒ . Our current calculations confirm this structure as the global minimum and its simulated PES spec- − , which may results in close-lying isomers for the doped clusters. Indeed, our BH searches revealed that the lowest-energy structure for AgAu 8 − is similar to that of Au 9 − , in which an Au atom on an edge site is replaced by an Ag atom ͓structure I, Fig. 1͑e͔͒ . Its simulated spectrum ͓Fig. 1͑e͔͒ agrees very well with the main experimental PES features. A centersubstituted structure ͓II, Fig. 1͑e͔͒ was found to be the second lowest-lying isomer, only 0.056 eV above the global minimum, and its simulated spectrum reproduces the weak feature XЈ in the experiment. For CuAu 8 − , the center-substituted structure with C 2v symmetry ͓I, Fig. 1͑f͔͒ was found to be the lowestenergy isomer, while the edge-substituted isomer ͑II͒ becomes a low-lying isomer, which is 0.051 eV higher in energy. The simulated spectra for these two isomers ͓Fig. 1͑f͔͒ are again in excellent agreement with the experimental data. The center and edge site substitutions produce two nearly degenerate isomers, which are competing for the global minimum and are both populated in the MAu 8 − beams, but the relative stabilities of the two isomers are reversed between the Ag and Cu substitutions. It seems that the Cu atom with a smaller size prefers the center site slightly while the Ag atom favors the edge site. We note that substitution on the edge site has resulted in some slight local structural distortions. Specifically, the Ag atom in AgAu 8 − is slightly popped outward ͓structure I, Fig. 1͑e͔͒ , while in CuAu 8 − the Cu atom is apparently shrunk inward ͓structure II, Fig. 1͑f͔͒ as a result of the different atomic sizes of Cu and Ag. The simulated PES spectra are somewhat sensitive to the different substitution sites: the edge substitution seems to enhance the spacing between the first two PES bands, whereas the center substitution decreases the spacing between the first two PES bands in the simulated spectra. This structural sensitivity in the simulated spectra is in perfect agreement with the experimental observations, lending significant credence to the identified structures. ͑2͒ Au 10 − and MAu 9 − . Au 10 − is an interesting cluster with numerous planar low-lying isomers, which possess different chemical reactivities toward O 2 ; at least four isomers have been identified recently to coexist in the cluster beam using Ar tagging and O 2 titration by Huang and Wang. 60 The dominant isomer and the global minimum of Au 10 − is a D 3h planar triangular structure ͓inset in Fig. 2͑d͔͒ . The neutral D 3h Au 10 possesses an open-shell triplet electronic state with a very high electron affinity ͑EA͒ and accounts for the major spectral features observed in the PES spectrum ͓Fig. 2͑a͔͒. 60 The high EA of the D 3h isomer is due to the open shell nature of its neutral-the high symmetry of this isomer results in a degenerate highest occupied molecular orbital ͑HOMO͒ which is half-filled. The high binding energy of Au 10 − has also been explained using a 2D shell model. 61, 62 Two of the weak low binding energy peaks ͑XЈ and XЉ͒ were tentatively assigned to two low-lying isomers according to previous calculations, 9 while the Xٞ band was suggested to come from a yet unidentified fourth isomer in the recent study. 60 In the current study, we did extensive BH structural searches for Au 10 − . Three low-lying isomers were found within 0.2 eV above the D 3h ground state, as displayed in the inset of Fig. 2͑d͒ . Our calculations confirm that the global minimum of Au 10 − is the D 3h triangular structure, whose simulated spectrum reproduces well the major spectral features in the experiment ͓Fig. 2͑d͔͒. The D 2h isomer ͓Fig. 2͑d͔͒, 0.162 eV above the global minimum from the current calculations, was identified to be a low-lying isomer previously 7, 9 and assigned to be responsible for the XЈ band by Huang and Wang. 60 Our calculations show that the D 2h isomer possesses a large HOMO-lowest unoccupied molecular orbital ͑LUMO͒ gap and gives rise to a very low first VDE in good agreement with the experimental data, confirming the previous assignment. The second band XЉ was tentatively assigned to a C 2h isomer by Huang and Wang, 60 on the basis of a previous calculation. 9 However, in the current study we found a new C s structure ͓Fig. 2͑d͔͒, which should be responsible for the XЉ band. This isomer is 0.18 eV above the global minimum, but 0.17 eV lower in energy than the previously suggested C 2h isomer, and yields a first VDE in good agreement with the XЉ band. As will be shown below, this structure turns out to be quite important in the doped clusters. Finally, we found another new C 2v low-lying isomer ͓Fig. 2͑d͔͒, which is only 0.139 eV higher in energy than the global minimum according to the current calculations. This isomer yields a first VDE in good agreement with the Xٞ band. The simulated spectra of all four Au 10 − isomers are shown in Fig. 2͑d͒ , and together they agree well with the measured spectrum. The coexistence of so many low-lying isomers for the small-sized gold cluster Au 10 − is quite unprecedented. Interestingly, all the lowlying isomers of Au 10 − can be viewed as a central D 6h Au 7 − unit with the additional three Au atoms arranged in different positions around it, even though Au 7 − itself does not possess a D 6h global minimum. 7, 9, 42 Our theoretical results show that the doped clusters MAu 9 − have similar planar structures as Au 10 − . For AgAu 9 − , the two lowest-lying isomers ͓structures I and II, Fig. 2͑e͔͒ can be viewed as derived from the D 3h and C s structures of Au 10 − , respectively, by substitution of an Au atom with an Ag atom, both at the edge sites. These two isomers are nearly degenerate in energy ͑structure II is only 0.027 eV higher͒, thus both are expected to have substantial population in the cluster beam. Indeed, the simulated spectra for these two isomers ͓Fig. 2͑e͔͒ reproduce well all the major experimental PES features. The structure II gives rise to band XЉ, which is quite intense. The weak low binding energy feature XЈ should correspond to another isomer. Although a number of planar structures are obtained from the BH searches, only the isomer derived from the D 2h structure of Au 10 − yields a very low VDE, which is in good agreement with the weak feature XЈ. This isomer corresponds to structure VI in our calculations, which is 0.223 eV above the global minimum. The relatively high energy of structure VI is consistent with its weak intensity in the experimental spectrum. For the Cu substitution, the four low-lying isomers ͓in-set in Fig. 2͑f͔͒ are identical to those of the Au 10 − parent: in each case Cu substitutes the central Au atom. The first three isomer structures ͑I, II, and III͒ of CuAu 9 − , corresponding to the C 2v , D 3h , and C s isomers of Au 10 − , respectively, are very close in energy, and a superposition of their simulated spectra reproduces well the major PES features observed experimentally. Again, the D 2h -Au 10 − derived isomer, which is 0.139 eV above the global minimum, yields the lowest VDE, in good agreement with the weak XЈ feature ͓Fig. 2͑c͔͒. ͑3͒ Au 11 − and MAu 10 − . The global minimum of Au 11 − is shown to possess a C s structure ͓Fig. 3͑d͔͒, 7,9 which can be viewed as built from the D 2h isomer of Au 10 − by adding one more Au atom at an edge site. The current work confirms this result and the simulated spectrum of the C s global minimum with the inclusion of SO effect is in excellent agreement with the experimental spectrum of Au 11 − . A previously reported 9 low-lying isomer with D 2h symmetry ͓Fig. 3͑d͔͒ was calculated to be 0.196 eV above the global minimum in the current study. The simulated spectrum of the D 2h structure agrees well with the weak features XЈ and AЈ observed experimentally ͓Fig. 3͑a͔͒. For MAu 10 − , we carried out extensive BH searches by starting from several randomly built initial structures. In addition, we considered every possible substitution site in the global-minimum structure of Au 11 − . The obtained lowest-lying 20 and 28 structures, respectively, for AgAu 10 − and CuAu 10 − , are sorted out in supplemental materials Figs. S1 and S2, along with their simulated spectra. 63 For AgAu 10 − , the first few low-lying isomers are dominant by 2D structures, which can be viewed as derived from the C s structure of Au 11 − . Only one 3D isomer ͑structure V, Fig. S1͒ is found to be competitive in energy ͑0.045 eV above the lowest-lying isomer͒. For CuAu 10 − , the two lowest-lying structures are both 3D. A center-substituted 2D structure ͑III͒ and another 3D structure ͑IV͒ are found to be very close in energy to the global minimum ͑Fig. S2͒. However, as can be seen from Figs. S1 and S2, none of the simulated spectra for a single isomer agrees with the experimental PES spectra for either AgAu 10 − or CuAu 10 − , consistent with the experimental observations that the spectra of AgAu 10 − and CuAu 10 − likely contain contributions from multiple isomers. As discussed above in the experimental results, the broad nature of bands A and B ͓Figs. 3͑b͒ and 3͑c͔͒ suggests that they could be due to overlap of multiple transitions.
Among the extensive set of low-lying structures for AgAu 10 − , the best agreement with experiment was obtained by the superposition of two 3D isomers, structures V and XVII ͓Fig. 3͑e͔͒. The structure V is only 0.045 eV higher in energy and can be viewed as degenerate with structure I, while structure XVII is a higherlying isomer ͑0.507 eV above structure I͒ ͓Fig. S1͔. Two similar 3D structures for CuAu 10 − also yield a superposition of simulated spectra in best agreement with the experiment ͓Fig. 3͑f͔͒. Again, while structure IV of CuAu 10 − is only 0.075 eV higher in energy and is competing for the global minimum, structure XXII has a relatively higher energy of 0.390 eV above structure I ͑Fig. S2͒. It is known that DFT/PBE energies calculated for gold clusters around the 2D-3D transition point show large uncertainties. 30, 64, 65 That is possibly one reason that structure XVII of AgAu 10 − and structure XXII of CuAu 10 − are observed in the experiment, though their relative energies are calculated to be high according to the DFT/PBE0 calculations, i.e., the DFT/PBE0 calculations underestimate the stability of the 3D structures. Two recent theoretical works suggest that DFT calculations with M06 or M06-L functionals can correctly predict the relative energies for gold clusters. 64, 65 We recalculated single-point energies of the two assigned 3D structures, as well as a few low-lying isomers of MAu 10 − at the M06-L/CRENBL͑SO͒ level of theory, using the NWCHEM 5.1.1 software package. The two identified structures for both AgAu 10 − ͑structures V and XVII͒ and CuAu 10 − ͑structures IV and XXII͒ indeed turn out to be the two lowest-energy isomers ͑among those checked͒ at this level ͑see Figs. S1 and S2͒. Therefore, both experimental and theoretical data strongly suggest that, in contrast to the planar Au 11 − , the global minima of MAu 10 − are 3D. Thus, the isoelectronic substitution by Ag or Cu shifts the 2D-3D structural transition to the 11-atom clusters, AgAu Figure 4͑d͒ shows the 3D and 2D structures of Au 12 − ͑of C 2v and D 3h symmetry, respectively͒ and their simulated spectra with the inclusion of SO effect. Note that for open shell species such as Au 12 − , photodetachment from a fully occupied molecular orbital would result in both a triplet and a singlet final state. Such singlet-triplet splitting cannot be reproduced well in the simulated spectra. Thus, the agreement between the experimental and simulated spectra for open-shell cluster anions is usually not as good as for those of closedshell cluster anions. In the case of Au 12 − , the overall spectral patterns of the simulated spectra for both isomers ͓Fig. 4͑d͔͒ are in reasonably good agreement with the experimental data. It should be pointed out that although the experimental data suggest that the 3D structure ͑C 2v ͒ should be the global minimum for Au 12 − , evidenced by its higher relative intensity, our DFT/PBE0 calculations show that the 3D structure is 0.414 eV above the 2D ͑D 3h ͒ isomer. This result is consistent with the conclusion of Ref. 30 that DFT/PBE calculations are biased toward 2D structures. Again, we rechecked the relative energies of the C 2v and the D 3h isomers using the M06-L functional, which shows that the 3D structure ͑C 2v ͒ is more stable than the 2D ͑D 3h ͒ by 0.276 eV in agreement with the experimental observations. For AgAu 11 − and CuAu 11 − , the experimental data ͓Figs. 4͑b͒ and 4͑c͔͒ suggest unequivocally that only the 3D isomers derived from the C 2v global minimum of Au 12 − are observed. For CuAu 11 − , our calculations show that the C 2v -Au 12 − derived 3D structure is the global minimum, in which the Cu atom substitutes a hexacoordinated Au atom ͓inset in Fig. 4͑f͔͒ . The simulated spectrum of this isomer is nearly identical to that of the parent Au 12 − and is in good overall agreement with the observed PES spectrum. However, for AgAu 11 − , our calculations suggest that the first three low-lying structures are derived from the D 3h planar Au 12 − . The 3D AgAu 11 − structure ͓Fig. 4͑e͔͒ is structure IV, which is 0.176 eV higher in energy. These results are clearly inconsistent with the experimental observation, again due to the bias of the DFT/PBE0 calculation toward planar structures as revealed in the case of the parent Au 12 − . The fact that the 2D isomers are not observed experimentally for the MAu 11 − clusters indicates that they are not competitive energetically. This observation is consistent with the conclusion that the Ag/Cu substitution has shifted the 2D-3D structural transition to a smaller cluster size, i.e., to the 11-atom clusters, MAu 10 − .
VI. CONCLUSIONS
In conclusion, we have presented a joint PES and DFT study of a series of isoelectronically doped gold clusters, MAu n − ͑n =8-11, M =Ag,Cu͒, which encompass the size range where the 2D-3D structural transition occurs for bare gold cluster anions. The combined experimental and computational results allow us to gain insight into the structural characteristics of the bimetallic species and the effects of doping on the structural evolution. The PES spectra of MAu 8 − and MAu 9 − are similar to those of the parent Au 9 − and Au 10 − clusters, respectively, suggesting that the dopant atom ͑Ag or Cu͒ simply substitutes one Au atom in the parent planar clusters without significant structural alterations. In both cases, our DFT calculations show that the Cu atom prefers the central and hexa-coordinated sites, whereas the Ag atom prefers the low coordination edge sites. For Au 10 − we observe totally four coexisting low-lying planar isomers. The coexistence of so many low-lying isomers for the small-sized gold cluster Au 10 − is quite unprecedented. Interestingly, all the low-lying isomers of Au 10 − can be viewed as a central D 6h Au 7 − unit with the additional three Au atoms arranged in different positions around it. For MAu 10 − , the observed PES spectra are different from that of the parent Au 11 − cluster, suggesting a major structural transition. While the pure gold cluster Au 11 − is planar, we found that the doped clusters MAu 10 − are 3D, indicating an earlier 2D-3D transition in the doped clusters. For MAu 11 − , we only observed the 3D isomers, in contrast to the parent Au 12 − cluster for which both the 2D and 3D isomers coexist. Our results show that the isoelectronic substitution induces an earlier onset of 3D structures in gold clusters.
